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
DWLRQ  FR
 $/+$66$1
UPLQDWLRQRIW
ݐሻ ൌ
ߤ
ʹ
ቆ
ܣ
ܣ௖௢௜௟
Determinatio
KHILUVWVWHS
GLVSODFHPHQW
WZKLFK WKH S
FODPSHGEHD
LGHUHGVHH)
D0HFKDQLFDO
PLQJ FRQVWD
VXUH GLVWULEXW
EHZULWWHQDV
ൌ
ͳ
ͺ
ή ݌௣௟ ή ݀ݖ
PLQJ SODQH
WLFL]DWLRQ P
UGDQFH ZLWK
ZLQJHTXDWLR
ൌ
ͳ
ʹ ή ξ͵
ή ݇௙
VLGHULQJ WKH
UPDWLRQ FKDQ
OHDGVWRWKHH
ൌ
Ͷ
ξ͵
ή ݇௙ ή ൬
ݔ
ݏ
 SUHVVXUH FRX
KHSRLQWLQWLP
HRIpSO DQG
:LWKWKHVH
RWLRQWDNHVWK
݌௣௟ ൌ ݔௗ ή ߩ
PELQHG ZLWK
, HW DO >@ J
KHDFWLQJPDJ
௖௢௜௟
൅ ܣ௚௔௣
ή
ܫሺݐሻ
݈௖
n of velocity a
RIWKHSUHGLFW
LVWRGHWHUPL
ODVWLF GHIRUP
PZLWKWKHZ
LJD
DVVXPSWLRQVE
QW VKHHW WKLFN
LRQ WKH HODV
>@
ή ݏ௖ଶ
VWUHVV DQG
RPHQW MSO
+26)25' DQ
Q
ή ݀ݖ ή ݔௗଶ
OLPLWLQJ FDV
JHV WR SODVWL
[SUHVVLRQIRU
ௗ
௖
൰
ଶ

QWHUDFWV WKH
HtVWKHPDJ
WKH SODVWLFGH
WZRSUHVVXUH
HIROORZLQJI
ή
߲ݒ
߲ݐ

 WKH H[SUHVV
LYHV WKH IRUP
QHWLFSUHVVXU
ή ܰ
௢௜௟
ቇ
ଶ
൬ͳ െ ݁
nd displacem
LRQRIZRUNS
QHWKHPLQLP
DWLRQ VWDUWV
LGWKdzDQGWK
DFWLQJSUHVVXUHV
QHVV xG DQG
WLF EHQGLQJ
QR VWUDLQ KD
FDQ EH H[
G &$''(//
H DW ZKLFK
F DQG HTXDWL
pSO
GHIRUPDWLRQ
QHWLFSUHVVXUH
IRUPDWLRQ VWD
V1(:721¶6
RUP

LRQ IRU HJDS
XOD IRU WKH
H
ିଶή௫೏ఋ ൰ 
ent 
LHFHYHORFLW\
XPSUHVVXUH
7KHUHIRUH D
HOHQJWKsFLV
pPDQGpSO
KRPRJHQRXV
PRPHQW MHO

UGHQLQJ WKH
SUHVVHG LQ
 >@ E\ WKH

 WKH HODVWLF
QJ  DQG

RI WKH VKHHW
H[FHHGVWKH
UWV VHH)LJ
VHFRQGODZ
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,QWHJUDWLQJ
ZRUNSLHFHY
ݒሺݐሻ ൌ
ͳ
ݔௗ ή
$W WKH WLPH
GHFHOHUDWLRQ
WKHSRLQWRI
LQWHJUDWLRQR
ݏሺݐሻ ൌ න ݒ
௧
௧ೞ
8VLQJ tH D
GLVSODFHPHQ
([SHULPH
7KHH[SH
,Q WKH ILUV
FRQGXFWHGWR
)LJ([SHULP
$WWKHVHWHV
s(t)ZHUHP
WRN-DQ
PHDVXUHPHQ
XVDJHRID3
7DEOH&DSDFL
&DSDFLWRU%DQ
&DSDFLWDQFH
,QGXFWDQFH
5HVLVWDQFH
0D[FKDUJLQ
6KRUWFLUFXLWU
)RU WKH
EDQN DQG D
FKDQQHOZHU
DQGWKHFRLO
SXUSRVHRIW
VXLWDELOLW\ R
ZHOGLQJ 7K
VLPLODUFDSD
608)
WKLV H[SUHV
HORFLW\v(t)
ߩ
න ൫݌௠ െ ݌௣
௧
௧ೞ
 tH WKH DFFH
RIWKHZRUN
PD[LPXPZR
I(TXDWLRQ
ሺݐሻ݀ݐ
V XSSHU ERX
WsYPD[RIWKH
QWDOSURFHGX
ULPHQWDOSURF
W SDUW IUHH
YDOLGDWHWKH
HQWDOVHWXSIRUWK
WVZRUNSLHFH
HDVXUHG IRU G
GMRLQLQJ]RQ
W RI WKHVH Y
KRWRQLF'RSS
WRUEDQN¶VFKDUDF
N
JHQHUJ\
LVHWLPH
H[SHULPHQWV
Q (
HXVHG7KHS
FDQEHIRXQG
KHVHFRQGH[S
I WKH WRRO
HVH H[SHULP
FLWRUEDQNDV
6VHH7DEOH
VLRQ RYHU
௟൯݀ݐ
OHUDWLRQ LV ]H
SLHFHEHJLQV
UNSLHFHYHORF
JLYHVWKH
QG RI LQWHJ
SDUWDWPD[LP
UH
HGXUHLVGLYLG
 IRUPLQJ H
DQDO\WLFDOPR
HYHULILFDWLRQRI
YHORFLW\v(t)
LIIHUHQW FKDUJ
HZLGWKVsF
DOXHV ZDV F
OHU9HORFLPH
WHULVWLFV
337608
)
Q+
Pȍ
N-
V
 D 337 60
H[SDQVLRQ FR
URSHUWLHVRI
 LQ7DEOH
HULPHQWDOSDU
FRQFHSW IRU
HQWV ZHUH S
WKHIUHHIRUPL
DQGWKHV
WLPH JLYHV
UR DJDLQ DQG
7KHUHIRUHWK
LW\vPD[$IX
GLVSODFHPHQW
UDWLRQ JLYHV
XPYHORFLW\
HGLQWRWZRS
[SHULPHQWV
GHOVHH)LJ
WKHDQDO\WLFDOPR
DQGGLVSODFHP
LQJ HQHUJLHV
WRPP
RQGXFWHG E\
WHU3'9>
 608
 
 
 

 
8 FDSD
LO ZLWK D FR
WKH(0)PDF
DQG7DEOH
WZDVWRVKRZ
 PDJQHWLF S
HUIRUPHG ZL
QJH[SHULPHQ
DPHWRROFRLO
WKH

 WKH
LVLV
UWKHU
s(t)

 WKH
DUWV
ZHUH


GHO
HQW
 
7KH
 WKH
@
)6
)
Q+
Pȍ
N-
V
FLWRU
SSHU
KLQH
7KH
WKH
XOVH
WK D
WVD
7KH
VHWX
ZHOG
RQD
RIH
ZHU
WKH
PDF
7DEOH
5HV
&RL
7KL
&RL
1X
'LD
-RLQ
,
ZHU
H[SH
DOXP
SURS
7DEOH
0D
)OR
&RQ
6KH
6KH
'HQ
5
4.1.
7
FDOF
PHD
DQG
RIDQ
)LJ
$SS
FXUY
S RI WKHVH W
LQJWKHVWUHQ
 WHQVLOH WHVWLQ
GJHHIIHFWVRQ
HFXWRXWRI W
ZHOG VHDP 
KLQLQJZDVXV
7RROFKDUDFWH
LVWDQFHR&RLO
O¶VRXWHUGLDPHWH
FNQHVVRIFRQGXF
OOHQJWKl&RLO
PEHURIZLQGLQJV
PHWHURIFRSSHU
LQJ]RQHZLGWKs
Q ERWK W\SHV
HPHDVXUHGZ
ULPHQWDOSDUW
LQXP DOOR\
HUWLHVDUHVKR
6SHFLPHQSUR
WHULDO
ZVWUHVVkI
GXFWLYLW\ț
HWWKLFNQHVVxG
HWGLPHQVLRQVOH
VLW\ ȡ
HVXOWV
Verification o
R YHULI\ WKH
XODWHGGLVFKD
VXUHG RQHV Z
N$IRU
DQDO\WLFDOO\
&RPSDULVRQEH
UR[LPDWHO\ D
HLVDOLWWOHOR
HVWV LV VKRZQ
JWKRIWKHMRL
JPDFKLQH7
WKHMRLQWVWU
KHVSHFLPHQ¶
VHH )LJ 
HGWRDYRLGHI
ULVWLFV(
UD&RLO
WRU

FKDQQHO
F
RI H[SHULPHQ
LWKD5RJRZV
VWKHVDPHVS
(1 $:
ZQLQ7DEOH
SHUWLHV
QJWK[ZLGWK
f the analytic
 PRGHO LQWUR
UJH FXUUHQWV I
KLFK ZHUH E
N-)LJVK
GHWHUPLQHGD
WZHHQPHDVXUHGD
IWHU WKH SHDN
ZHUWKDQWKHD
 LQ )LJ 
QHGVSHFLPHQ
RHOLPLQDWH W
HQJWKPP
VFHQWHUVSHUS
E (OHFWULF
IHFWVRQWKHZ


WV WKH GLVFKD
NLFRLO>@$
HFLPHQVPD
$ ZHUH

(
al model 
GXFHG LQ 6H
(t)ZHUH FRP
HWZHHQ N
RZVDGLVWLQF
QGDPHDVXUH
QGFDOFXODWHGFX
 FXUUHQW WK
FWXDOFXUUHQW
$IWHU SXOVH
VZDVWHVWHG
KH LQIOXHQFH
ZLGHVWULSV
HQGLFXODU WR
DO GLVFKDUJH
HOG
Pȍ
PP
PP
PP

PP
DQGPP
UJH FXUUHQWV
OVRIRUERWK
GHRXWRIWKH
XVHG 7KHLU
1$:$
03D
ā6P
PP
[PP
NJPñ
FWLRQ WKH
SDUHG WR WKH
$ IRU N-
WLYHH[DPSOH
GFXUUHQW
UUHQWWUDFH
H FDOFXODWHG
FXUYH6LQFH
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WKH ZRUNS
GHWHUPLQDWLR
FRQVLGHUHG
GDPSLQJFR
OHDGLQJ WR D
LOOXVWUDWHG E
FXUUHQW WUDF
FRPSDUHGZ
WRR ORZ DVV
$WWKHF
UHVXOWLQJ IU
FRPSHQVDWHG
ZRXOG OHDG
LQDUHGXFWLR
)LJD$QDO\
EFDOFXODWHGD
%DVHGRQ
PDJQHWLF SU
FRPSDUHGZ
VKRZVDGLVW
EHVHHQWKDW
DVVRUW ZHOO
RYHUHVWLPDWH
H[SODLQHGE\
LHFH PRYHP
QRII(t)WKH
E\ WKH PRG
HIILFLHQWı WHQ
 ORZHU FXUUH
\ DQ HDUOLHU
H PHDQLQJ
LWKWKHUHFRUG
XPHG LUHV LQ
DOFXODWLRQRIp
RP WKH XQG
 $ FRQVLGHU
WRDQ LQFUHDV
QRIpPLQ(T
WLFDOO\GHWHUPLQ
QGPHDVXUHGYH
WKHSUHGLFWHG
HVVXUHV v(t) 
LWKWKHPHDVX
LQFWLYHH[DPS
WKHGHWHUPLQ
ZLWK WKH H[S
V WKH H[SHUL
WKHQHJOHFWL
HQW LV QH
ULVHRIWKHLQG
HO 7KHUHIRU
GVWREHELJJ
QW DIWHU LWV S
]HURFURVVLQJ
DQ LQFUHDV
HGFXUYH7KL
WKH GHQRPLQ
PVHH(TXD
HUHVWLPDWHG
DWLRQ RI ZRU
HGDUHDAJZ
XDWLRQ
HGYHORFLW\YHUVX
ORFLW\RYHUGLVSOD
GLVFKDUJHF
DQG s(t) ZHU
UHGH[SHULPH
OHRIWKHVHFR
HGYHORFLWLHVD
HULPHQWDO YD
PHQW D OLWWOH
RQRIVWUDLQK
JOHFWHG LQ
XFWDQFHLUHVL
H WKH DQDO\
HUWKDQLQUHD
HDN 7KLV LV
RI WKH FDOFX
HG IUHTXHQF\
VFRPSHQVDWH
DWRU RI(TXD
WLRQWKH
FXUUHQW LV S
NSLHFH PRYHP
KLFKZRXOG U
VPHDVXUHGYHORF
FHPHQW
XUUHQWVDQGDF
H FDOFXODWHG
QWDOYDOXHV)
PSDULVRQV,
QGGLVSODFHP
OXHV 7KH P
ELW 7KLV FD
DUGHQLQJDQG
WKH
VQRW
WLFDO
OLW\
DOVR
ODWHG
 Ȧ
VWKH
WLRQ
HUURU
DUWO\
HQW
HVXOW

LW\
WLQJ
 DQG
LJ
WFDQ
HQWV
RGHO
Q EH
IORZ
VWUHV
DSSU
PRG
DQG
DQG
HQHU
DERY
SURF
DQG
 E
FDOF
)LJ
GLIIHU
GLVSO
4.2.
,Q
GXUL
ZHOG
ZHOG
WKHM
GHIL
\LHOG
WKH
7KH
V GHSHQGHQF
RDFK )LJ 
HO DQG H[SHU
H[SHULPHQWDO
WKH GLVSODFH
JLHV E DQG M
H WKHVHSDUD
HVVGHVLJQVL
ZKDWWKHMRLQ
RWK GLDJUDPV
XODWHGDQGPH
D'HWHUPLQHG
HQWMRLQLQJ]RQH
DFHPHQWsYPD[DWv
Welding expe
 FRQWUDVW WR
QJWKHWHQVLOH
VHDP4XDQ
HGVSHFLPHQ
RLQWVWUHQJWK
QHG 7R GHWHU
LQJRIWKHZH
IRUFHF\ DWZ
 GLDJUDP VKR
\ RQ WKH VWUD
 VKRZV D IXU
LPHQW7KHGL
YDOXHVRIWKH
PHQWV DW vP
RLQLQJ ]RQH
PHWHUVDUH WK
QFHWKH\GHWH
LQJJDSZLGWK
 LQGLFDWH D
DVXUHGYDOXHV
DQGPHDVXUHGP
ZLGWKVsFEFDO
PD[IRUGLIIHUHQWM
riments 
WKHUPDO ZHOG
WHVWVLQWKHED
WLWDWLYHUHVXOW
VDUHVKRZQL
WKHVSHFLILFH
PLQH WKLV YD
OGHGZRUNSLH
KLFK WKH EDV
ZV WKDW WKH S
LQ UDWH LQ WK
WKHU FRPSDUL
DJUDPVGLVSO
PD[LPXPY
D[ IRU GLIIHUH
ZLGWKV sF $
HPRVWVLJQLI
UPLQHLIDED
sJQHHGVWRE
JRRG DJUHHP

D[LPXPYHORFLWLH
FXODWHGDQGPHD
RLQLQJ]RQHZLG
LQJ DOO VSHF
VHPDWHULDOD
VRIWKHWHQVL
Q)LJ$V
ODVWLFWHQVLOH
OXH WKH IRUFH
FHVVWDUWVZD
HPDWHULDO VW
ODVWLF GHIRUP
H DQDO\WLFDO
VRQ EHWZHHQ
D\ DQDO\WLFDO
HORFLWLHVvPD[
QW FKDUJLQJ
V PHQWLRQHG
LFDQW IRU WKH
QGLVIRUPHG
H/LNH)LJ
HQW EHWZHHQ
VvPD[IRU
VXUHG
WKVsF
LPHQV IDLOHG
QGQRWLQWKH
OHWHVWRIWKH
SDUDPHWHURI
VWUHQJWKZDV
F\- ZKHUH
VGLYLGHGE\
DUWV WR \LHOG
DWLRQ RI WKH
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MRLQHGVSHFL
WR WKH EDVH
VWUHQJWKGHF
HIIHFWVFDQE
WKHVSDFHUHG
)LJ-RLQWVWUH
'XH WR WKH O
MRLQLQJ ]RQ
VWUHWFKLQJ R
UHVXOWV LQD
OHDGLQJ WR
7KHUHIRUH
VHOHFWLQJWKH
$QRWKHU
VSDUNLQJ P
E7KH
FRQWDFWEHWZ
ORZORFNLQJ
)LJD&URV
PDUNVRQZHOGH
&RQFOXVLR
7KLV DUWL
8QLIRUP 3U
VXLWDEOH IRU
SURSRVHG DQ
PHQV VWDUWV D
 PDWHULDO ,W
UHDVHVZLWKD
HH[SODLQHGE
JHVVHH)LJ
QJWKYHUVXVJDS
RFNLQJIRUFH
H HGJHV :
I WKH PDWHULD
UHGXFWLRQRI
D ORZHU \L
WKH WKLQQLQJ
JDSZLGWKsJ
REVHUYHG LV
DUNV RQ WKH
VHPDUNVFDQ
HHQFKDQQHO
IRUFHDQGRUD
VVHFWLRQYLHZR
GVSHFLPHQV
Q
FOH VKRZV W
HVVXUH (OHFW
PDJQHWLF SX
DO\WLFDO DSSU
W ORZHU IRUFH
DOVR LOOXVWUD
Q LQFUHDVLQJ
\WKLQQLQJR
D
ZLGWKsJEHWZHHQ
F/ WKHIO\HU
LWK DQ LQFUHD
O LQ WKLV DUH
WKHVWULS¶VFUR
HOG IRUFH RI
KDV WR EH

VXH ZDV WK
ZHOGHG FRQQ
EHDWWULEXWHG
DQGVKHHWUH
WRRVPDOOFR
IDZHOGHGVSHFLP
KDW WKH WRRO
URPDJQHWLF
OVH ZHOGLQJ
RDFK DOORZV
YDOXHVFRPS
WHV WKDW WKH
MRLQLQJJDS
IWKHIO\HUSOD
WKHMRLQLQJSDUWQ
LVFODPSHGD
VHG JDS sJ
D LQFUHDVHV
VV VHFWLRQDO
 WKH VSHFLP
FRQVLGHUHG Z
H DSSHDUDQFH
HFWLRQV VHH
WRDQLQVXIIL
VXOWLQJIURPD
QWDFWVXUIDFH
HQE6SDUNLQJ
 FRQFHSW RI
$FWXDWRU LV
DSSOLFDWLRQV
WKH GHWHUPLQD
DUHG
MRLQW
%RWK
WHDW

HUV
W WKH
 WKH
7KLV
DUHD
HQV
KHQ
 RI
)LJ
FLHQW
 WRR



 WKH
ZHOO
7KH
WLRQ
RI
PDF
FDQ
ZLWK
IRU
VHOH
MRLQ
PD[
MRLQ
IXQG
RI D
FDQ
SURS
RIR
$FN
7
$
&ROO
NLQG
')
DFKL
FRUU
6FLH
5HI
>@
>@
>@
>@
>@
>@
>@
>@
>@
>@
ZRUNSLHFH Y
KLQH WRRO DQ
EHDSSOLHGWR
 WKH NQRZOHG
D VSHFLILF PD
FWLRQ RI DSSU
LQJ WDVN 7KH
LPXPYHORFLW
LQJ JDS sJ
DPHQWDO SURF
 YDULHW\ RI S
EHDQDO\]HGH
RVHGPRGHOF
WKHU83($DS
QRZOHGJHPH
KHZRUNLVED
 ³-RLQLQJ E
DERUDWLYH 5H
O\ VXSSRUWHG
* 6RPH RI
HYHG GXULQJ
HVSRQGLQJ DX
QFHDQG(QJL
HUHQFHV
0RUL.%D\1
 ³-RLQLQJ
0DQXIDFWXULQJ7
3V\N 9 5LVFK
0  ³(OHF
0DWHULDOV3URFHV
*|EHO * .DV
%H\HU ( 
ZHOGHG GLVVLPLO
KLJK6SHHG)RUP
.DPDO 0 &KH
*6  ³'
8QLIRUP 3UHVVX
&RQIHUHQFHRQK
$O+DVVDQL 67
WKH SDUDPHWHUV
0HFKDQLFDO(QJ
0HLQNH + DQ
+RFKIUHTXHQ]WHF
$L]DZD7.DV
RIPDJQHWLFSXO
VKHHWMRLQWV´:
%HLW]: DQG
GHQ 0DVFKLQHQ
+HLGHOEHUJ
+RVIRUG :)
0HFKDQLFVDQG0
6WUDQG27*R
.XKORZ ::
YHORFLPHWU\ XVLQ
,QVWUXPHQWV
HORFLW\ DQG
G ZRUNSLHFH
HDVHWKHSUR
JH RI WKH UHT
WHULDO FRPELQ
RSULDWH FKDUJ
 FDOFXODWLRQ
\LVKHOSIXOIR
)XUWKHUPRUH
HVV XQGHUVWDQ
DUDPHWHUV RQ
DVLO\ZLWKWK
DQDOVREHXV
SOLFDWLRQVOLN
QWV
VHGRQLQYHVW
\ )RUPLQJ´
VHDUFK &HQWHU
E\ WKH *HUP
 WKH UHVXOWV
D UHVHDUFK
WKRU DW WKH
QHHULQJRI7K
)UDWLQL/)
 E\ SODVWLF GH
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